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Under normal conditions, contractile activation is initiated by Ca 2ϩ -binding to the cTn complex on cardiac thin filaments, allowing tropomyosin movement that exposes myosin binding sites on actin. Myosin initially forms crossbridges with actin in a weak electrostatic conformation, then transitions to a strong hydrophobic conformation that generates force (15) . Transition to a strong binding state further activates cardiac thin filaments and increases Ca 2ϩ affinity for cTn, demonstrating a thick filament-mediated influence on thin filament Ca 2ϩ -binding properties (9, 33) . This suggests the inherent Ca 2ϩ -binding properties of cTn may be relatively weak (compared with skeletal muscle Tn) and raises the question as to whether thin filaments containing cTn with greater Ca 2ϩ affinity would be less dependent on myosin for activation. This, in turn, should confer Ca 2ϩ -sensitivity of force that is less responsive to changes in SL.
In the current study we tested the hypotheses that the intrinsic properties of cTn are important in determining Ca 2ϩ sensitivity of thin filament activation in response to crossbridge binding, and thus the SL dependence of force in cardiac muscle. We compared the Ca 2ϩ dependence of force generation at long (2.3 m) and short (2.0 m) SL for demembranated trabeculae exchanged with wild-type (WT) cTn versus cTn containing a mutant (L48Q) cTnC with enhanced Ca 2ϩ affinity (27, 44) . To separate the direct influence of strongly bound crossbridges, we compared changes in Ca 2ϩ sensitivity at short SL (2.0 m) with and without osmotic compression by 3% dextran, which is sufficient to compress trabeculae and increase maximal force to levels observed at SL 2.3 m. Finally, we examined crossbridge influence on Ca 2ϩ sensitivity of force at long SL using the crossbridge inhibitor 2,3-butanedione monoxime (BDM) at a concentration (7 mM) sufficient to decrease maximal force to levels approximately observed at short SL.
Our results, described below, imply that in cardiac muscle thin filament activation by Ca 2ϩ alone is limited, perhaps due to a limited ability to expose crossbridge binding sites on F-actin. More complete activation requires strong binding crossbridges, and this crossbridge-dependent component of activation steepens the cardiac force-length relationship. Our data suggest that increasing the Ca 2ϩ binding affinity and/or cTnC-cTnI interaction properties of cTn, via L48Q cTnC-cTn, can reduce or eliminate this limitation by improving thin filament activation at any given submaximal Ca 2ϩ . This, in turn, reduces or eliminates crossbridge-induced changes in Ca 2ϩ sensitivity. Perhaps most important, the data suggest that the SL dependence of cardiac force development is greatly influenced by the properties of native cTn. This is likely to have implications for many familial inherited cardiomyopathies associated with mutations in thin filament proteins that result in altered Ca 2ϩ affinity and/or Ca 2ϩ sensitivity of force.
MATERIALS AND METHODS
Experimental animals and tissue preparations. All animal procedures were conducted in accordance with the US National Institutes of Health Policy on Humane Care and Use of Laboratory Animals and were approved by the University of Washington (UW) Animal Care Committee. Male Sprague-Dawley rats (200 -250 g) were housed in the Department of Comparative Medicine at UW and cared for in accordance with the UW Institutional Animal Care and Use Committee procedures. Rats were anesthetized by intraperitoneal injection of pentobarbital sodium (50 -100 mg/kg). When animals had no reflexive response, the heart was rapidly excised and right ventricles were dissected in an oxygenated Ringer's solution containing (in mM) 100 NaCl, 24 NaHCO 3, 2.5 KCl, 1 MgSO4*7H2O, 1 Na2HPO4, and 1 CaCl2. Trabeculae were permeabilized in situ by incubation of splayed ventricles overnight in a relaxing solution of (in mM) 100 KCl, 10 imidazole, 2 EGTA, 5 MgCl2, and 4 ATP containing 50% glycerol and 1% Triton X-100 (Sigma-Aldrich) at 4°C. Individual trabeculae were then dissected from ventricular free walls, pinned to the bottom of a Sylgard (R)-coated Petri dish, and stored for up to 1 wk in glycerinated relaxing solution at 4°C. All skinning and storage solutions contained protease inhibitor cocktail (P8340; Sigma-Aldrich).
Proteins and passive whole troponin exchange. Cloning and expression of rat recombinant WT cTnC, cTnI, and cTnT were done as previously described (24a). Site-directed mutagenesis was performed using the QuikChange II Site-Directed Mutagenesis Kit (Stratagene, La Jolla, CA) to substitute to produce L48Q cTnC variant. A pET-24 (Novagen, Madison, WI) vector containing the T7 promoter, lac operator, and a kanamycin-resistant gene was used for expression of WT and mutant proteins in E. coli (BL21). The DNA sequences of the expressing constructs were verified by DNA sequencing. The expressed protein was extracted from bacterial cells as previously described (4) and purified on DE 52 or CM 52 (Whatman) column equilibrated by 6M Urea, 25 mM Tris at pH 8.0, 1 mM EDTA, and 15 mM 2-mercaptoethanol. Proteins were eluted with a salt gradient washing in the same buffer from 0 to 0.3M NaCl. The fractions containing the desired protein and their concentrations were monitored by SDS-PAGE and DU 800 Spectrophotometer. Super pure proteins were stored in a Ϫ80°freezer before use.
Cardiac Tn (cTn) complex was reconstituted from isolated recombinant subunits (1:1:1), using a modification of published protocols (34) . In brief, after subunits were complexed in a 1:1:1 molar ratio, cTn was gradually dialyzed into buffer containing (in mM) 200 KCl, 20 MOPS, 5 EGTA, 5 MgCl 2, and 15 BME. Exchange of whole cTn complex into trabeculae was accomplished by incubating trabeculae overnight on a mechanical rocker (Beckman) at 4°C in a protein buffer solution with addition of 4 mM ATP, 1 mg/ml DTT, and protease inhibitor cocktail. Preparations were then washed several times in relaxing solutions containing 1 mg/ml BSA, transferred to the glycerinated (50% vol/vol) relaxing solution for storage at Ϫ20°C. Exchanged trabeculae were used within 2 days after the procedure.
Mechanical measurements. Relaxing and activating solutions were prepared using a custom software package as described previously (31, 38) . Solutions were maintained pH 7.0 at 15°C and contained (in mM) 15 Trabeculae were mounted between a high-speed length controller and a force transducer via aluminum t-clips as previously described (27) . SL was initially set to 2.3 m and measured by laser diffraction, and trabeculae were fully activated in pCa 4.0 to determine maximum force (F max) before exposure to increasing Ca 2ϩ concentrations (decreasing pCa). Passive force was determined at pCa 9.0 and subtracted from total force to obtain the active force values reported. After determining the passive force at SL 2.3 m, trabeculae were exposed to increasing Ca 2ϩ concentration (decreasing pCa) in a step-wise manner. At each pCa a slack-re-stretch maneuver was performed to measure steady state force and the rate of force redevelopment [ktr, (4)] followed by stiffness measurements obtained from applying small (0.1%) sinusoidal changes in length at 1,000 Hz for 0.5 sec. SL was then set to 2.0 m, and the protocol was repeated. The order of initial SL was reversed in some trabeculae. Results from either SL sequence were rejected if force at pCa 4.0 (F max) declined by more than 15% at SL 2.3 m at the end of the pCa curve. Force-pCa data were fitted with the Hill Equation to obtain values for pCa50 and nH (27) . The ktr was determined from release-restretch transient, with the resulting force redevelopment trace fit using a monoexponential equation (4) . For experiments with 3% dextran T500, SL was set to 2.0 m and initial force-pCa data were obtained. The same trabeculae were then exposed to pCa solutions containing 3% dextran T500 to obtain additional force-pCa data. For experiments with 7 mM BDM, SL was set to 2.3 m and initial force-pCa data were obtained. The same trabeculae were then exposed to pCa solutions containing 7 mM BDM to obtain additional force-pCa data. Reported pCa 50 and nH values for force-pCa relationships are the average of individual fits for each experimental curve Ϯ SE. Student's paired t-tests with statistical significance set at P Ͻ 0.05 were used to compare the means of reported data from the same cTnC-cTn exchange at different SL or with and without dextran T500 or BDM.
RESULTS
The Ca 2ϩ dependence of isometric steady-state force and force redevelopment rate (k tr ) at SL 2.0 (short) and 2.3 m (long) were determined for demembranated cardiac trabeculae at 15°C (Fig. 1) after exchange of native cTn with WT cTn or cTn containing L48Q cTnC. We have previously demonstrated that our exchange protocol results in ϳ90% exchange of native cTn and that excess cTn was completely removed before experiments (27) . In each trabecula, after an initial activation at SL 2.3 m, trabeculae were exposed to increasing Ca 2ϩ concentration (decreasing pCa) at either long or short SL to obtain measurements of steady-state force, rate of force redevelopment (k tr ), and stiffness; then SL was changed and the protocols were repeated. This varying of initial SL helps account for any run down of the preparation, and results from either SL sequence were rejected if force at pCa 4.0 (F max ) declined by more than 15% at the end of the force-pCa curve.
SL dependence of steady-state force and stiffness. Force-pCa relationships at SL 2.0 and 2.3 m for trabeculae with either WT or L48Q cTnC-cTn are summarized in Fig. 1 . A concomitant increase in stiffness with force occurred as Ca 2ϩ was increased at short and long SL with both WT and L48Q cTnC-cTn (Fig. 1A) . This suggests that force varied proportionally in all conditions as a result of changes in strong crossbridge binding and not a change in force produced per crossbridge. In Fig. 1B the data were compared by plotting force-pCa relationships normalized to F max at SL 2.0 or 2.3 m. The absolute values for F max are summarized in Fig. 1C . The data from individual force-pCa curves were fit with the Hill equation for determination of pCa 50 and n H, and the mean (ϮSE) of these values for each condition are listed in Table 1 . Decreasing SL from 2.3 to 2.0 m in WT trabeculae decreased F max from 30 Ϯ 7 mN/mm 2 to 17 Ϯ 3 mN/mm 2 , and right shifted pCa 50 by 0.09 Ϯ 0.01 (⌬pCa 50 ) ( Fig. 1C ; Table 1 ). These results are similar to our previous report (1) .
For trabeculae containing L48Q cTnC-cTn, decreasing SL from 2.3 to 2.0 m reduced F max from 33 Ϯ 7 mN/mm 2 to 20 Ϯ 3 mN/mm 2 ( Fig. 1C ; Table 1 ). These values were not different from WT cTnC-cTn exchanged trabeculae. Increasing SL from 2.0 to 2.3 m in L48Q cTnC-cTn trabeculae increased the passive force, similar to results for WT cTnC-cTn trabeculae (Table 1) . Additionally, there was no difference in stiffness at 2.3 and 2.0 m in relaxing solution between WT and L48Q cTnC-cTn trabeculae (data not shown), which indicates L48Q cTnC-cTn does not allow Ca 2ϩ -independent activation of the thin filament at pCa 9.0. However, in L48Q cTnC-cTn trabeculae, there was a dramatically different effect on the SL dependence of pCa 50 . As previously reported (27) , L48Q cTnC-cTn increased Ca 2ϩ sensitivity of force at SL 2.3 m compared with WT. Interestingly, when SL was decreased from 2.3 to 2.0 m, there was no significant change in pCa 50 ( Fig. 1B; Table 1 ), demonstrating a much larger effect of L48Q cTnC-cTn on pCa 50 at short SL. In effect, this means that L48Q cTnC-cTn greatly reduced, and very likely eliminated, the SL dependence of Ca 2ϩ sensitivity of thin filament activation in cardiac muscle. However, the influence of SL on maximal strong crossbridge binding (F max ) remains. Similar results have been reported by others, i.e., a decrease in SL dependence of the Ca 2ϩ sensitivity of force in myocardium containing L29Q-cTnC [decrease in ⌬pCa 50 (29) ] or ssTnI [decrease in ⌬EC 50 (43) ], both of which left-shifted the forcepCa curve.
Role of lattice spacing in the loss of SL dependence of force generation with L48Q cTnC-cTn. To determine whether loss of the SL dependence of Ca 2ϩ sensitivity of force with L48Q cTnC-cTn is sensitive to changes in thinthick filament spacing or actin-myosin proximity, myofilament lattice spacing was osmotically compressed using 3% dextran T500 (wt/vol) at SL 2.0 m. This dextran concentration was selected because it increased F max values at SL 2.0 m to those measured at SL 2.3 m without dextran. Force-pCa relationships for these trabeculae are summarized in Fig. 2 . Trabeculae with WT cTnC-cTn exhibited an increase in pCa 50 and F max when osmotically compressed at SL 2.0 m ( Fig. 2A; Table 2 ). This is consistent with our previous work (1) , which demonstrated that osmotic compression of lattice spacing at SL 2.0 m results in force and Ca 2ϩ sensitivity of force similar to that seen at SL 2.3 m without dextran. However, with L48Q cTnC-cTn, 3% dextran increased F max at SL 2.0 m without any significant change in pCa 50 ( Fig. 2B ; Table 2 ). The increase in pCa 50 with L48Q cTnC-cTn (relative to WT cTnC-cTn) was maintained, but there was no additional increase in pCa 50 with osmotic compression. These results suggest that actinmyosin proximity may have little to no effect on myofilament Ca 2ϩ sensitivity of force when L48Q cTnC-cTn is present in thin filaments. 
Role of strong crossbridge binding in the loss of SL dependence of force generation with L48Q cTnC-cTn.
To determine whether the loss of SL dependence of the Ca 2ϩ sensitivity of force with L48Q cTnC-cTn is reliant on the number of strongly bound crossbridges, strong crossbridge formation was inhibited using BDM at SL 2.3 m. The BDM concentration was selected such that F max at SL 2.3 m with BDM was similar to F max values at SL 2.0 m without BDM for each muscle preparation. Force-pCa relationships for these trabeculae are summarized in Fig. 3 and Table 2 . The passive force in L48Q cTnC-cTn trabeculae was unchanged in the presence of BDM, indicating no active crossbridge cycling while at rest (pCa 9.0). With WT cTnC-cTn, BDM caused a right shift in force-pCa curve and a decrease of F max , both of which were similar to the levels observed when SL was reduced from 2.3 to 2.0 m without BDM ( Fig. 3A ; Tables 1 and 2 ). Trabeculae containing L48Q cTnC-cTn also exhibited a decrease in F max with BDM ( Fig. 3B ; Tables 1 and 2 ); however, there was no significant right shift of the force-pCa curve. L48Q cTnC-cTn trabeculae Values are means Ϯ SE; n ϭ 4 for WT cTnC control and ϩ 3% dextran (Dex), and WT cTnC control and ϩ 7 mm 2,3-butanedione monoxime (BDM); 9 for L48Q cTnC control; and 11 for L48Q cTnC ϩ 7 mm BDM. *P Ͻ 0.05 as compared with control condition for WT or L48Q cTnC-cTn. Table 2. still exhibited an increase in the Ca 2ϩ sensitivity of force compared with WT cTnC-cTn at SL 2.3 m, with and without BDM. These results suggest that improved myofilament Ca 2ϩ binding, via incorporation of L48Q cTnC-cTn, reduces the dependence of thin filament activation on the number of strongly bound crossbridges.
Ca 2ϩ and SL dependence of force redevelopment (k tr ).
In a previous study we demonstrated that L48Q cTnC-cTn enhances the Ca 2ϩ sensitivity of the rate of force redevelopment (k tr ), but not the maximal rate (27) . In the current study, we determined how L48Q cTnC-cTn influences the SL dependence of the k tr -pCa and k tr -force relationships. These results are summarized in Fig. 4 . Example representative traces of force redevelopment during the k tr slack-re-stretch protocol at pCa 4.0 for WT and L48Q cTnC-cTn trabeculae are shown in Fig. 4A . These traces and the summarized data demonstrate that at maximal Ca 2ϩ (pCa 4.0) k tr was similar for both WT and L48Q cTnC-cTn at SL 2.0 and 2.3 m. The Ca 2ϩ dependence of k tr was not affected by SL for either WT (Fig. 4B) or L48Q (Fig. 4C) . At submaximal Ca 2ϩ (between pCa 6.0 and 5.4), k tr was significantly faster for L48Q cTnC-cTn (vs. WT cTnC-cTn) at both SL 2.0 and 2.3 m. However, when k tr was compared at a given force level for WT and L48Q cTnC-cTn trabeculae, there was no difference between them at either SL 2.0 or 2.3 m. This is demonstrated in Fig. 4D , where k tr values for WT and L48Q cTnC-cTn containing trabeculae at SL 2.3 m are replotted versus the steady state force produced at each pCa. These results suggest that L48Q cTnC-cTn increases the activation level of the thin filament at submaximal forces independent of SL, but that at similar levels of thin filament activation, L48Q cTnC-cTn does not increase the rate of force development. 
DISCUSSION
The SL dependence of the Ca 2ϩ sensitivity of force is thought to be the molecular mechanism behind Frank-Starling relationship of the heart, and it has been shown to be influenced by various components of the contractile apparatus. Changes in thin filament properties, such as substitution of ssTnI for cTnI (3, 26, 43) or point mutations in cTnC (29) and cTnT (5, 6), as well as changes in thick filament properties (14) and factors affecting thin and thick filament interactions [lattice spacing (1, 11, 12, 14, 25, 30, 46) , pH (13)] or the cross bridge cycle (10, 23) have been all shown to influence the SL dependence of contraction. However, no single mechanism has emerged as the primary determinant of the Frank-Starling relationship.
In this study we independently altered properties of the thin and thick filament that are responsible for thin filament activation and contraction of cardiac muscle. We demonstrated that a cTnC variant with increased Ca 2ϩ affinity (L48Q) eliminated crossbridge-mediated effects on the apparent Ca 2ϩ sensitivity of thin filament activation since the Ca 2ϩ concentration required to produce half-maximal force (pCa 50 ) for L48Q cTnC-cTn exchanged trabeculae was unaffected by perturbations of crossbridge activity/number. In contrast, these perturbations did produce changes in pCa 50 of native or WT cTnC-cTn trabeculae. The concomitant increase in stiffness with force as Ca 2ϩ was increased at short and long SL with both WT and L48Q cTnC-cTn (Fig. 1A) suggests that force varied proportionally in all conditions as a result of changes in strong crossbridge binding, and not a change in force produced by each crossbridge. These results corroborate the evidence presented by Sun et al. (42) that the intrinsic properties of the thin filament play a very significant role in the cooperative Ca 2ϩ activation and regulation of cardiac contractility and suggest that by sensitizing the thin filament to Ca 2ϩ , L48Q cTnC greatly reduces the crossbridge assistance required for thin filament activation in cardiac muscle.
The reliance on strong crossbridges for thin filament activation is a hallmark of cardiac contraction. Ca 2ϩ binding to troponin initiates thin filament activation exposing myosin binding sites on actin. However, unlike in skeletal muscle, thin filament activation in cardiac muscle is not achieved primarily by Ca 2ϩ binding alone (16, 17, 37) . Numerous studies have shown that crossbridge binding in cardiac muscle increases Ca 2ϩ binding to cTnC (1, 11, 12, 17, 21, 41, 46) and induces structural changes in fluorescently tagged cTnC as measured by dichroism (40) . Furthermore, rigor-myosin subfragment-1 crossbridges (NEM S-1) and Ca 2ϩ can greatly increase the rate of product release from prepower stroke myosin bound to thin filaments over Ca 2ϩ alone (10, 23) . This effect was not observed in skeletal muscle, where Ca 2ϩ alone was sufficient to achieve accelerated product release. A similar difference was observed between skeletal and cardiac myosin where S1-thin filament binding assays showed a Ca 2ϩ -induced fourfold change in closed-open equilibria of the skeletal versus cardiac system, which is indicative of a fundamental difference in the actin-TnI-TnC binding equilibria. Overall, the results suggest that situations that increase or decrease the number of strongly bound crossbridges (such as SL) increase or decrease the apparent Ca 2ϩ sensitivity of cardiac muscle contraction. We introduced perturbations to crossbridge binding that are generally accepted to affect pCa 50 , to determine whether they would have the same effect on pCa 50 and SL dependence of the Ca 2ϩ sensitivity of force in the presence of L48Q cTnC-cTn. Several studies (1, 11, 12, 14, 25, 46) have concluded that acto-myosin interaction distance, at least in part, is responsible for an increased contractile activation at longer SL in cardiac muscle. Martyn et al. (30) showed that compression with 3% osmotic solute dextran T-500 at SL 2.0 m results in thick filament spacing observed at SL 2.3 m with 0% dextran. In this manner, we matched the overall force generating capacity of myofilaments at a short SL to that at long SL via modulations in actin-myosin proximity. Despite increased crossbridge binding and force in the presence of dextran, pCa 50 was unchanged for L48Q cTnC-cTn trabeculae, but was significantly increased for native and WT cTnC-cTn trabeculae, as previously demonstrated (1, 11, 12, 14, 25, 46) . This suggests crossbridge binding induced increases of Ca 2ϩ sensitivity with WT cTnC-cTn, but not with L48Q cTnC-cTn, and suggests that L48Q cTnC-cTn sufficiently increases the Ca 2ϩ sensitivity of the thin filament to a level that no longer requires crossbridge contributions to achieve full activation.
To test this hypothesis, we inhibited crossbridge binding with BDM at SL 2.3 m to decrease force to levels approximately equal to those seen at SL 2.0 m. Thus a similar number of force generating crossbridges were likely involved at SL 2.0 and SL 2.3 m in the presence of BDM (36) , whereas the remaining myofilament environment characteristic of SL 2.3 m was maintained (e.g., actin-myosin proximity, passive tension, etc.). With BDM, even though F max was reduced, little to no change in pCa 50 was observed with L48Q cTnC-cTn, whereas there was a decrease in both F max and pCa 50 with WT cTnC-cTn. All of these crossbridge perturbations resulted in the expected increases (longer SLs, dextran) and decreases (shorter SLs, BDM) in F max for both WT and L48Q cTnC-cTn exchanged trabeculae. This indicates that the numbers of strongly bound crossbridges were changing accordingly. Together our results and those of others (10) suggest that Ca 2ϩ only partially activates thin filaments containing native cTnC, where more complete activation requires strongly bound crossbridges, and this crossbridge dependent component of activation may underlie the steep SL dependence of Ca 2ϩ sensitivity in cardiac muscle. Furthermore, our results indicate that the crossbridge-induced feedback on thin filament Ca 2ϩ sensitivity was eliminated with L48Q cTnC-cTn.
It is interesting to speculate on how L48Q cTnC might lessen the crossbridge dependent component of cardiac thin filament activation. In a recent study, we examined how the L48Q variant might affect the intrinsic properties of the thin filament by investigating the ability of L48Q cTnC to bind Ca 2ϩ and cTnI using a combination of solution protein studies, nuclear magnetic resonance spectroscopy, and molecular dynamic simulation approaches (45) . Our solution studies, and studies by others (44) , have shown that L48Q cTnC has a significantly higher affinity for Ca 2ϩ compared with WT cTnC alone or in cTn complex. We also demonstrated that L48Q cTnC has a higher affinity for cTnI in both the presence and absence of Ca 2ϩ . Both nuclear magnetic resonance spectroscopy and molecular dynamic simulation data indicate that the NH 2 -terminal lobe of L48Q cTnC has a more open structure and exposure of the cTnC hydrophobic patch is stabilized after Ca 2ϩ binding. This should increase cTnC-cTnI interaction, allowing enhanced movement of Tm and access to myosin binding sites on actin for a given submaximal [Ca 2ϩ ]. It is likely that this is the cause of increased Ca 2ϩ sensitivity of thin filament activation and force development in cardiac muscle containing L48Q cTnC, and it may also reduce the requirement for crossbridges to stabilize the cTnC-cTnI state (7) . This effect should be more pronounced at lower [Ca 2ϩ ], where the slower dissociation rate of L48Q cTnC (27, 44) should result in Ca 2ϩ being bound to more cTn in thin filaments at any given time. This is in contrast with behavior at higher [Ca 2ϩ ] where thin filament activation is more complete, and thus dissociation rate of Ca 2ϩ is not limiting. Indeed, F max appears to be similar with WT and L48Q cTnC at both long and short SL, and the greatest effect of L48Q cTnC on force is when pCa 50 Ͻ 5.3 at both short and long SL. A recent study (29) examining L29Q cTnC, a mutation reported to be associated with hypertrophic cardiomyopathy, demonstrated increased Ca 2ϩ -binding affinity and, interestingly, also a decrease in Ca 2ϩ sensitivity responsiveness to changes in SL. Additionally, others have shown that replacement of native TnI with ssTnI increased Ca 2ϩ sensitivity of force and reduced SL-dependent activation (26) . Our experiments using 2-deoxy-ATP that increases Ca 2ϩ sensitivity of force production have shown no effect on the SL dependence of pCa 50 (1) . Because Ca 2ϩ binding affinity per se and cTnC-cTnI interaction strength are coupled processes, it is difficult to discern which may be responsible for the loss of SL dependence of the Ca 2ϩ sensitivity of thin filament activation and force development.
Further studies will be necessary to determine the relative importance of Ca 2ϩ -binding affinity and the strength of cTnCcTnI interaction in the mechanism of the SL dependence of the force-pCa relationship in cardiac muscle. Use of other variants with altered Ca 2ϩ sensitivity, Ca 2ϩ -sensitizing agents (1, 2), and/or altered strength of cTnC-cTnI interaction or factors changing C-I interactions, like PKA phosphorylation of TnI that lowers cTnC affinity for TnI, can be important tools in determining this. Regardless of the mechanism behind our results, this work demonstrates that alteration of intrinsic properties of troponin can have dramatic effect on thin filament activation in response to crossbridge binding, and thus, in determining SL dependence of force in cardiac muscle. Perhaps most important, the properties of cTn are likely to have implications for many familial inherited cardiomyopathies that are associated with mutations in thin filament proteins.
